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Toll-like receptors (TLRs) and their downstream signaling pathways have been comprehen- 
sively characterized in innate immunity. In addition to this function, these receptors have 
also been suggested to be involved in the pathogenesis of many autoimmune diseases, 
including rheumatoid arthritis (RA). Murine in vivo models and human in v/fro tissue models 
of RA have provided a wealth of information on the potential activity of TLRs and compo- 
nents of the downstream signaling pathways. Whilst most early work investigated the cell 
surface TLRs, more recently the focus has moved to the endosomal TLRs 3, 7, 8, and 9. 
These receptors recognize self and foreign double-stranded RNA and single-stranded RNA 
and DNA.The development of therapeutics to inhibit the endosomalTLRs or components of 
their signaling cascades may represent a way to target inflammation upstream of cytokine 
production. This may allow for greater specificity than existing therapies including cytokine 
blockade. Here, we review the current information suggesting a role for the endosomal 
TLRs in RA pathogenesis and the efforts to target these receptors therapeutically. 
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TOLL-LIKE RECEPTORS 

Toll-like receptors (TLRs) are a family of evolutionarily conserved 
pattern recognition receptors. There are 10 human TLRs, which 
recognize pathogen associated molecular patterns from fungi, bac- 
teria, and viruses, such as lipopolysaccharide (LPS), flagellin, and 
dsRNA ( 1 ). In addition to pathogens, TLRs also respond to damage 
associated molecular patterns (DAMPs), which are endogenous 
molecules released at sites of inflammation and tissue damage; 
examples include High Mobility Group Box 1 (HMGB-1) and 
Tenascin C (2-4). Most TLRs are expressed at the cell surface 
where they recognize mainly bacterial products, whereas TLRs 3, 
7, 8, and 9 are localized to endosomal compartments and respond 
to self and foreign nucleic acid structures. TLR3 recognizes dsRNA, 
whilst TLR7 and TLRS both respond to ssRNA (5). TLR9 recog- 
nizes DNA, the binding event of which was believed to be sequence 
specific, favoring CpG-rich DNA. However, recent evidence sug- 
gests that DNA conformation is actually the key mediator of TLR9 
activation, not the DNA sequence (6). Localization of these TLRs 



Abbreviations: AC, apoptotic cell; CFA, complete Freund's adjuvant; CIA, col- 
lagen induced arthritis; CTLA-4, cytotoxic T-lymphocyte-associated antigen 4; 
DAMPs, damage associated molecular patterns; DC, dendritic cell; DMARD, disease- 
modifying anti-rheumatic drug; HMGB-1, high mobility group box I; hnRNP, 
heterogenous nuclear ribonucleoprotein; IFN, interferon; IRF, interferon regulatory 
factor; LL-37, cathelicidin family member human cationic antimicrobial peptide 
LL-37; LPS, lipopolysaccharide; MAL, MyD88 adaptor like; MMP, matrix metallo- 
protease; MTX, methotrexate; MyD88, myeloid differentiation primary response 88; 
PIA, pristane induced arthritis; PTPN22, protein tyrosine phosphatase non-receptor 
type 22; RA, rheumatoid arthritis; RANKL, receptor activator of nuclear factor kB 
ligand; RASF, rheumatoid arthritis synovial fibroblast; SLE, systemic lupus erythe- 
matosus; TLR, toll-like receptor; TNF, tumor necrosis factor; TRAM, TIR domain 
containing adaptor molecule 2; TRIP, TIR domain containing adaptor inducing 
interferon-P; WT, wild type. 



to the endosome likely represents a method of sequestering these 
molecules from inadvertent activation by host nucleic acids. 

Toll-like receptors form homo- or hetero-dimers upon acti- 
vation and ligand binding. This dimerization event brings the 
TIR domains into close proximity, allowing for the association 
of adaptor molecules that trigger downstream signaling events 
(Figure 1). There are four main adaptor proteins; Myeloid dif- 
ferentiation primary response 88 (MyD88), MyD88 adaptor like 
(MAL), TIR domain containing adaptor inducing interferon-^ 
(TRIP), and TIR domain containing adaptor molecule 2 (TRAM). 
MyD88 is engaged by all of the TLRs except TLR3, MAL is used 
by TLRs 2 and 4, TRIP by TLRs 3 and 4, and TRAM by TLR4. The 
adaptor molecules trigger signaling via either the MyD88 depen- 
dent pathway, which activates NP-kB, producing cytokines such 
as tumor necrosis factor (TNP) and IL-1, or the MyD88 indepen- 
dent pathway that leads to the activation of interferon regulatory 
factor (IRP) family members and production of type-I interferons 
(IFN) (7). 

The TLRs have been extensively studied in both infectious 
and chronic inflammatory diseases. In particular, their ability to 
respond to endogenous ligands has made them attractive candi- 
dates in the maintenance of inflammation in many autoimmune 
diseases, including rheumatoid arthritis (RA). 

RHEUMATOID ARTHRITIS 

Rheumatoid arthritis is an autoimmune disease affecting approx- 
imately 1% of the worldwide population, characterized by the 
infiltration and accumulation of activated immune cells in the syn- 
ovial joints. Subsequent chronic production of pro-inflammatory 
cytokines and matrix metalloproteases (MMPs) leads to destruc- 
tion of the joint architecture, severe disability, and a reduced life 
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FIGURE 1 I Endosomal TLR signaling to NF-cB and IRFs. Fo lowing 
ligand binding, TLRs 7 8, and 9 engage MyD88; forTLRS this leads to 
activation of NF-kB, whereasTLRs 7 and 9 engage IRAKl/4, TRAF3, and 
TRAF6 to activate IRF family members. TLRS uses theTLR adaptor TRIF 
which can induce NF-kB through theTRAF6 complex and can signal to 



RIP-1 which, like theTRAF6 complex, can also activate the IKK-a.p.y 
complex. This results in dissociation of IkB from NF-kB, which can then 
translocate to the nucleus and initiate gene transcription. Additionally, TRIF 
can signal through TRAF3, TBK1 , and IKK-i to initiate IRF-mediated 
transcription. 



expectancy due to co-morbid complications such as cardiovascular 
disease (8). 

Many different cell populations in the RA joint secrete cytokines 
and other inflammatory mediators, which contribute to patho- 
genesis. Macrophages are considered to be a major effector of 
synovitis, secreting cytokines including TNF, IL-1, and IL-6 (9). 
This inflammatory environment supports Thl7 cell differentia- 
tion and suppresses differentiation of regulatory T-lymphocytes, 
thereby further promoting inflammation. In addition, RA synovial 



fibroblasts (RASF) secrete IL-6 when stimulated by inflammatory 
cytokines such as TNF and IL-17 (secreted by Thl7 cells), thus 
perpetuating the inflammatory cycle (10). RASFs can also express 
receptor activator of nuclear factor kB ligand (RANKL), facili- 
tating differentiation of monocytes/macrophages into osteoclasts, 
thereby promoting pathological bone erosion ( 11). B-lymphocytes 
and their progeny also contribute to the progression of RA patho- 
genesis through pro-inflammatory cytokine production, in addi- 
tion to generation of autoantibodies characteristic of disease. 
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Although much is understood about the inflammatory environ- 
ment in RA, the ligand(s) responsible for sustaining cytokine 
production in this setting remains unknown. 

Conventional treatment involves the use of disease-modifying 
anti-rheumatic drugs (DMARDs), most commonly methotrexate 
(MTX), as well as non-steroidal anti-inflammatory drugs, anti- 
malarials, and corticosteroids (12). However, treatment of RA 
has been greatly enhanced over the past decade by the develop- 
ment of biological therapies targeting molecules implicated in 
RA pathogenesis. The longest standing are those targeting TNF; 
the anti-TNF antibodies infliximab, adalimumab, and golimumab, 
the polyethylene glycol-linked mAb fragment certolizumab pegol, 
and the soluble TNF receptor-2-IgG-Fc fusion protein etaner- 
cept (13, 14). Additional targets of clinically approved biological 
therapies include the IL-1 receptor (anakinra), the IL-6 receptor 
(tocilizumab), CD20 on B-lymphocytes (rituximab), and cyto- 
toxic T-lymphocyte-associated antigen 4 (CTLA-4) (abatacept). 
Other agents in early-stage clinical development include the anti- 
IL-17 antibodies secukinumab and ixekizumab and the IL-1 7 
receptor-blocking antibody brodalumab (14, 15). 

Tumor necrosis factor inhibitors remain the gold standard of 
biological therapies for RA even though approximately 30% of 
patients show no significant improvement (16). There is data sug- 
gesting that the use of biologies early in the course of disease may 
induce clinical remission in some patients (15,17), although many 
patients do not achieve permanent remission. Some patients also 
become refractory to treatment with time, due to the production 
of antibodies against anti-TNF biologicals (18); in this situation 
tocilizumab has been shown to be a successful alternative (19). 

Interestingly, some anti-TNF patients report no clinical 
improvement in their symptoms but do show a decreased pro- 
gression of joint damage radiographically (20). This may sug- 
gest a different threshold for the inflammatory versus the bone 
damage-activating effects of TNF. In agreement with this con- 
cept, in the human TNF transgenic murine model of arthritis, 
low-dose administration of adalimumab had no effect on syn- 
ovial inflammation but significantly reduced bone erosions by 
inhibiting osteoclastogenesis (21). 

Biological therapies, although a clear improvement over 
DMARDs, do not represent an ideal therapeutic. They require par- 
enteral administration, either intravenously or by subcutaneous 
injection and are expensive to manufacture with their cost severely 
restricting use. Global suppression of cytokine function also holds 
the potential for serious adverse effects such as bacterial infections, 
invasive fungal infections, and in the case of anti-TNF reactivation 
of latent tuberculosis (22). In an effort to address these limita- 
tions, low molecular weight inhibitors are in development to target 
intracellular signaling molecules and prevent cellular responses to 
cytokines. Several small-molecule inhibitors of the Janus kinase 
family are currently in clinical development for the treatment of 
RA (23). Tofacitinib, an inhibitor of JAK3 and JAKl and, to a lesser 
extent, JAK2 has recently been approved for the treatment of adults 
with active RA (24). 

Small molecular weight inhibitors of inflammation are highly 
desirable due to their low cost of production. However, targeting 
downstream signaling molecules may prove to be troublesome 
due to the ubiquitous nature of many of these molecules in 



multiple signaling pathways. This has been a particular problem 
for inhibitors of p38 mitogen-activated protein kinases, which are 
too toxic for use in the treatment of chronic conditions such as RA 
(25). To provide a more targeted approach for inhibiting inflam- 
mation, the receptors and early signaling events responsible for 
driving cytokine production need to be identified. Studies from 
both human and murine models of arthritis have indicated that the 
endosomal TLRs or their signaling pathways may offer potential 
targets for the development of new therapeutics for RA. 

EXPERIMENTAL ARTHRITIS MODELS 

One of the most commonly used methods of experimental arthri- 
tis is the murine collagen-induced arthritis (CIA) model. CIA has 
been observed to have numerous similarities to RA including ero- 
sive joint damage and production of circulating autoantibodies 
targeting type-II collagen (26). Initial studies utilizing knockout 
mice suggested roles for MyD88, TLR2, and TLR4 (27, 28). How- 
ever, induction of CIA relies upon complete Freund's adjuvant 
(CFA), which contains TLR2, 4, and 9 ligands, making interpreta- 
tion of these results difficult. In recent years, research has expanded 
to the endosomal TLRs, with experiments being performed across 
a variety of models, including serum transfer models and the rat 
pristane-induced arthritis (PIA) model. These additional models 
also share pathological features of RA but unlike the CIA model 
they do not require CFA for disease induction. 

In the rat PIA model, a role was proposed for TLR3 follow- 
ing the observations that TLR3 was significantly up-regulated 
in splenocytes following pristane injection and stimulation of 
TLR3 with poly-I:C exacerbated disease. Furthermore, in the same 
study, down-regulation of TLR3 with siRNA ameliorated disease, 
pointing to a key role in disease progression (29). Similarly, up- 
regulation of TLR3 has been observed in splenocytes from both 
PIA and CIA rat models, where administration of MTX inhib- 
ited both disease symptoms and the increase in TLR3 expression 
(30). Interestingly, synovial fibroblasts from PIA susceptible Dark 
Agouti rats show elevated levels of TLR3 following co-culture with 
conditioned media of pristane-stimulated T-cells (31), suggesting 
a system whereby immune-surveillant cells might prime synovio- 
cytes toward TLR responses. Together, these data suggest that TLR3 
may function in the maintenance of disease. However, a conflict- 
ing picture has emerged in the mouse CIA and K/BxN serum 
transfer models where activation of TLR3 suppressed arthritis, 
signifying a regulatory role in controlling rather than promoting 
inflammation (32). 

More consistency has been observed across disease models 
for TLR7. Induction of TLR7 tolerance by a short-course treat- 
ment with a TLR7 agonist (1V136) at levels insufficient to induce 
cytokine production ameliorated disease in the K/BxN serum 
transfer model (33). However, additional cross tolerance of TLR2 
and TLR9 was also observed, possibly due to activation of the 
negative regulators IRAK-M (interleukin-1 receptor-associated 
kinase-M) and SHIP-1 (Src homology 2 domain containing inos- 
itol polyphosphate phosphatase), making it difficult to delineate 
which TLR was responsible for the reduction in disease. Support- 
ive of a pathological role for TLR7, we have demonstrated in the 
murine CIA model that TLR7^'^ mice show a reduction in clinical 
score, paw swelling, and number of paws affected when compared 
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to wild type ( WT) mice. This effect was limited to the maintenance 
of disease rather than the initial onset, as demonstrated by a similar 
number of WT and TLR7^'^ mice developing disease (34). Simi- 
larly, intra-articular knockdown of TLR7 using lentiviral delivery 
of TLR7 shRNA has been reported to decrease radiologic measures 
of disease activity in the rat CIA model (35). 

The involvement of TLR8 in these models and the subsequent 
relevance of the data to human disease are less straightforward. 
Although TLRs 7 and 8 both recognize ssRNA and are closely phy- 
logenetically related, in the murine system, only TLR7 is capable 
of activating downstream signaling in response to ssRNA, whereas 
in human cells both receptors are functional (36). TLR8^'^ mice 
develop spontaneous autoimmunity, characterized by increased 
serum levels of IgM, IgG2a, and autoantibodies against small 
nuclear ribonucleoproteins and dsDNA. Dendritic cells (DCs) 
from these mice had increased TLR7 levels and were hyper respon- 
sive to TLR7 activation. Concomitant TLR7 and TLRS knockout, 
or individual TLR7 knockout mice did not exhibit this autoim- 
mune phenotype, suggesting the potential for TLR8 to regulate 
TLR7 signaling in mice (37). 

Similar to TLR3, TLR9 may have an anti-inflammatory role 
in arthritis. Numerous intracellular autoantigens, including self- 
nucleic acids, displayed on the cell surface of apoptotic cells 
(ACs) can activate an anti-inflammatory effect in vivo (38, 39). 
In the CIA model, administering ACs was shown to induce an 
anti-inflammatory effect dependent on the presence of TLR9, as 
determined using TLR9^''^ mice. In addition, this effect was abol- 
ished following DNAse treatment of ACs prior to treatment of CIA 
mice (39). Thus, TLR9 may function to induce tolerance and could 
have an important role in the prevention of inflammation. Indeed, 
TLR-induced type-I IFN has been suggested to be protective in a 
murine serum transfer model of arthritis. Protein tyrosine phos- 
phatase non-receptor type 22 (PTPN22) , a gene associated with RA 
susceptibility, has been shown to be required for IFN production 
upon TLR3, 4, 7, and 9 stimulation (40). PTPN22 knockout mice 
were observed to no longer exhibit disease suppression following 
TLR ligation in this arthritis model (41). This finding suggests 
that the type-I IFN response may explain the anti-inflammatory, 
tolerogenic role of TLR9 signaling. Interestingly, an association has 
been observed between RA susceptibility and a polymorphism in 
IRF5; a transcription factor downstream of the endosomal TLRs, 
involved in the production of IFN (42). However, the role of IFN 
currently remains controversial; whilst administration of IFN-P 
can ameliorate disease in the murine CIA model, a double-blind 
clinical trial found no significant improvement between IFN-P 
and placebo-treated groups (43, 44). 

Conversely, inhibition of TLR9 with an immunoregulatory 
DNA sequence has been reported to alleviate disease activity and 
delay disease onset in the rat PIA model, indicating a potential 
role for TLR9, and possibly DNA ligands, in the development 
of disease (45). Indeed, DNAse-II deficient mice develop an RA- 
like polyarthritis, however, this was not dependent on TLR9, as 
arthritis was also observed in DNAse-II/TLR9 double knockout 
mice, suggesting that other innate DNA sensors may be of more 
importance (46). 

Though the duality of the effects of TLR stimulation in RA 
models may appear contradictory, these observations may in fact 



provide insights into fundamental TLR biology. Under some con- 
ditions, TLR signaling may be immunoregulatory, however in 
the presence of elevated levels of DAMPs and accessory mole- 
cules such as LL-37, this may lead to pathological inflammation 
given a susceptible genetic background (47). Similar complex- 
ity has been reported in murine models of the IFN-mediated 
autoimmune disease, systemic lupus erythematosus (SLE). An 
immunoregulatory role was attributed to TLR9 following knock- 
out, despite its requirement for pathogenic anti-DNA autoanti- 
body production (48). However, inhibition of TLR9 has indicated 
a pro-inflammatory role in the production of IFN in response to 
DNA containing immune complexes (49). 

Despite the seemingly conflicting evidence for the involvement 
of some of the endosomal TLRs in experimental arthritis mod- 
els, overall it would appear that there may be a role for one or 
more of these receptors in driving the disease process. In fact, we 
have demonstrated that combined inhibition of these receptors 
using an off target effect of some anti-depressant drugs, thera- 
peutically reduced clinical score, paw swelling, and histological 
joint damage in the murine CIA model (34, 50). Furthermore, it 
has been reported that activation of TLR7 and TLR9 with het- 
erogeneous nuclear ribonucleoprotein (hnRNP) antigens from 
splenocytes of a PIA animal can be used to transfer disease to 
another animal. Nuclease treatment of hnRNPs or treatment with 
hnRNP-associated nucleic acids alone demonstrated that only 
the nucleic acid components were required (51). Interestingly, 
humoral and cellular autoimmunity to hnRNP- A2/B1 is present 
in approximately 50% of RA patients, which may be linked with 
the ability of hnRNPs to activate TLR7 and TLR9 (51). 

ENDOSOMAL TLRs IN RA 

The potential role of TLRs in RA has led to a number of genetic 
studies, including a genome-wide association study examining 
common TLR single nucleotide polymorphisms (SNP). How- 
ever, no significant associations with RA susceptibility, severity, 
or response to treatment have been identified (52-54). However, 
some small studies have revealed possible associations with TLR 
SNPs in distinct ethnic cohorts. The TLR9 SNP rs 187084 allele 
variant TT has been modestly associated with RA susceptibility 
in a Turkish RA population, although it was not linked in studies 
of Dutch or French cohorts (53-55). Interestingly, the TLRS SNP 
rs5741S83 has been associated with rheumatoid factor autoan- 
tibody positivity in one study of a European population (56). 
Nonetheless, functional studies of the endosomal TLRs in human 
samples have suggested the potential involvement of these recep- 
tors and their signaling pathways in RA. Indeed, we previously 
demonstrated a role for MyDSS, the adaptor protein used by TLRs 
7, 8, and 9, in the spontaneous release of cytokines and MMPs 
from human RA synovial tissue cultures (57). 

Many studies have examined the expression and function of 
these receptors in synovial tissue cells from patients compared 
with tissue from osteoarthritis (OA) patients or healthy controls 
(HCs). TLRs 3, 7, 8, and 9 are all expressed in the RA synovium, 
which is a mixed cell population (58-60), with levels of TLRs 
3, 7, and 9 elevated in comparison to either OA or HC tissue, 
particularly in RASFs, DCs, and macrophages (59-62). Stimula- 
tion of RA synovial cells with ligands for TLR3 and TLRS can 



Frontiers in Immunology | Molecular Innate Immunity 



January 2014 | Volume 5 | Article 1 | 4 



Thwaites et al. 



Endosomal toll-like receptors in rheumatoid arthritis 



induce production of cytokines and MMPs, indicating that these 
TLRs are functional within RA joint tissue (58, 60). In fact, out 
of a range of TLR ligands, TLRS induced the biggest secretion 
of TNF from RA synovial cultures (58). Interestingly, mimick- 
ing the hypoxic conditions of the in situ joint has been shown 
to exacerbate cytokine and MMP production following activa- 
tion of TLR3 in RASFs (63). This elevated response to hypoxia 
may support pathogenic angiogenesis in the synovium through 
the ability of TLR3 to induce vascular endothelial growth factor 
and IL-8 (64). Furthermore, TLR3 can also promote osteoclasto- 
genesis both directly and indirectly via up-regulation of RANKL 
on RASFs following activation (65). 

For endosomal TLRs to be activated in the RA joint, suitable 
ligands would need to be present. RA necrotic synovial fluid cells 
have been shown to release RNA that can activate TLR3 on RASFs 
(59). Additionally, DNA released from necrotic cells may induce 
cytokine production in a TLR9-dependent manner (59, 62, 66). 
Nucleic acids are readily degraded outside of the cell, however in 
the RA j oint they may be protected by other molecules. The catheli- 
cidin family member human cationic antimicrobial peptide LL-37 
is present in RA synovial fluid at levels greater than HCs and is 
known to bind RNA, protecting it from degradation (47, 67). In 
addition, LL-37 is known to perpetuate signaling through TLRs 3, 
7, 8, and 9 (67-69). 

Further support for a contribution of these TLRs to the per- 
petuation of inflammation in RA comes from the antimalarial 
drugs chloroquine, hydroxychloroquine, and quinacrine, which 
have been used since 1950s to treat RA and SLE (70, 71). These 
drugs act as antagonists of TLR9 and to a lesser extent, TLR3, TLR7, 
and TLRS (72, 73). The mechanism was suggested to be due to 
the inhibition of endosomal acidification; however, more recently 
antimalarials have been shown to interact directly with nucleic 
acids, causing modifications which prevent their binding to the 
endosomal TLRs (73). We found that, when added to human RA 
synovial cultures, chloroquine suppressed spontaneous cytokine 



production, indicating the possibility of nucleic acids driving 
inflammation in these samples (58). In addition to these results, 
the anti-depressant inhibitors of the endosomal TLRs that were 
effective in the CIA model also suppressed spontaneous cytokine 
production in human RA synovial membrane cultures (34, 50, 58). 
Neither of these approaches represent a clinically useful therapy 
for RA, due to the effective dose exceeding clinically safe levels. 
However, these studies, as summarized in Table 1, do highlight a 
possible role for endosomal TLRs in the maintenance of inflam- 
mation, as well as demonstrating the potential to selectively target 
these receptors for the effective treatment of RA. 

TARGETING THE ENDOSOMAL TLRs THERAPEUTICALLY 

There has been significant interest in the modulation of TLR func- 
tion in disease. In particular, endosomal TLR antagonists are in 
development as promising candidates for the treatment of sev- 
eral autoimmune diseases. Indeed, some therapies already in the 
clinic are suggested to mediate their effect through endosomal 
TLR blockade. As already mentioned, antimalarials are used for 
the treatment of RA, but at the doses given clinically they will 
only deliver a moderate effect on disease and are thus usually 
administered in combination with other therapies (75). This is 
most likely due to the serum levels not reaching those required for 
effective TLR inhibition. Similarly, the gold-containing complex, 
auranofin, has also been suggested to moderate its' anti-rheumatic 
effect through blockade of TLR3-dependent TRIP signaling (76). 

With the aim of designing more effective therapies specif- 
ically targeting TLRs in autoimmunity, many small molecules 
and immune response modifiers are under development. A small 
molecular weight inhibitor, CPG-52364, was initially described 
for the treatment of SLE, but may have therapeutic potential in 
other autoimmune diseases such as RA and psoriasis. CPG-52364 
inhibits signaling following stimulation of TLR7, 8, or 9 in human 
PBMCs (77); CPG-52364 entered Phase I clinical development in 
2007, however, the results of this trial are yet to be published. 



Table 1 | Dual nature of endosomal TLR signaling in RA and disease models. 



Immunoregulatory 



Immunostimulatory 



TLRS Activation of TLRS in CIA and K/BxN serum 
transfer models suppresses arthritis (32) 



TLR7 



TLRS TLRS has a potential role in suppressing 
TLR7 responses in murine models (37) 

TLR9 An anti-inflammatory response is induced 
on exposure of TLR9 to apoptotic cells (55) 



Activation of TLRS exacerbates PIA. In agreement, knockdown of TLRS ameliorated disease (29) 
Stimulation of TLRS induces angiogenic and osteoclastogenic factors in human RA synovial 
fibroblasts (64, 65) 

Hypoxia induces heightened responses from TLRS in RASFs (63) 

TLR7 has been suggested to contribute to CIA pathology in established disease (34) 
hnRNP can activateTLR7 and can transfer disease in the PIA model (51) 

TLR7 tolerance induced by sub-optimal stimulation alleviates the K/BxN serum transfer model (S3) 

In human RA synovial cultures, stimulation of TLRS results in the greatest cytokine production (5S) 
Inhibition of TLRS inhibits spontaneous cytokine release in a human RA synovial tissue model 
(58, 74) 

Inhibition of TLRS alleviates rat PIA model (45) 

hnRNP acts as a ligand forTLRS and can transfer disease in the PIA model (51 ) 



Seemingly contradictory findings regarding tlie roies of the endosomal TLf^s in human R/A tissue models and differing experimental arthritis models have been 
identified. 
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Other inhibitors have followed into the clinical trial arena. 
Dynavax Technologies demonstrated, in both plasmacytoid DCs 
from SLE patients and in two lupus-prone mouse strains, that 
glucocorticoid resistance could be mediated through activation of 
TLR7 and TLR9 (78). Glucocorticoids are frequently used for the 
treatment of many autoimmune and inflammatory conditions, 
including RA, but the high doses required for effective treat- 
ment lead to significant side-effects and restrict use. Dynavax 
Technologies in partnership with GlaxoSmithKline have conse- 
quently developed DV1179, a bifunctional inhibitor of TLR7 and 
TLR9, which has been shown to reverse glucocorticoid resistance 
in both human cells and animal models of lupus. DV1179 was 
well-tolerated in a Phase I clinical trial and subsequendy, a proof 
of mechanism clinical study was initiated in SLE patients in late 
2011 (79). 

Idera Pharmaceuticals has two lead candidates in development 
for the treatment of autoimmune diseases; IMO-3100, an antag- 
onist of TLRs 7 and 9 and IMO-8400, an antagonist of TLRs 7, 
8, and 9. In preclinical models of autoimmune diseases including 
CIA, lupus, and psoriasis, these TLR antagonists have been shown 
to inhibit Thl, Thl7, and inflammasome pathways and suppress 
production of cytokines such as TNF, IL-12, IL-6, and IL-17 (80, 
81). The results of a Phase II clinical trial were recently announced 
for IMO-3 100; Idera reported that clinical improvements observed 
in psoriasis patients treated with IMO-3100 for 4weeks correlated 
with the proposed mechanism of action for TLR antagonism (80). 
IMO-8400 entered a Phase I clinical trial in late 2012 to assess 
safety in healthy subjects. VentiRx Pharmaceuticals is also devel- 
oping a TLR8 specific antagonist for the treatment of autoimmune 
diseases; VTX-763 is a preclinical lead which shows marked inhi- 
bition of TLR8-induced NF-kB activation and TNF production 
in vitro (74). 

CONCLUSION 

The advent of anti-TNF therapeutics for the treatment of RA has 
not only resulted in greatly enhanced disease outcomes for many 
patients but has also raised a number of new questions regard- 
ing the production of TNF, and the role of the innate immune 
system in RA pathogenesis. Activation of endosomal TLRs repre- 
sents a potential mechanism, which may contribute to the cytokine 
production characteristic of the RA synovium. Key roles have 
been attributed to these receptors in both murine and human 
models of disease. Accordingly, numerous early-stage therapeu- 
tics targeting endosomal TLRs and their signaling networks are in 
development. Concerns will always be raised over targeting mol- 
ecules with key roles within the immune system. However, with a 
diverse range of innate immune receptors able to detect viral and 
bacterial pathogens, it may be possible to target the endosomal 
TLRs without compromising innate immunity due to compen- 
sation from the other cytosolic RNA and DNA receptors such 
as RIG-I (retinoic acid inducible gene-I) and AIM2 (absent in 
melanoma 2) (5). The desired therapy would provide a small mol- 
ecular weight inhibitor to deliver ease of administration with a 
lower production cost than current biological therapies. It is also 
hoped that targeting upstream disease mechanisms may addition- 
ally afford greater efficacy than global suppression of individual 
cytokines. 



ACKNOWLEDGMENTS 

This work was supported by the EU Framework 7 integrated mas- 
terswitch project, the Medical Research Council, and Brighton and 
Sussex Medical School. 

REFERENCES 

1. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol (2004) 
4(7) :499-5 1 1 . doi: 1 0. 1038/nril39 1 

2. Park JS, Svetkauskaite D, He Q, Kim JY, Strassheim D, Ishizaka A, et al. Involve- 
ment of toll-like receptors 2 and 4 in cellular activation by high mobility group 
box 1 protein. J Biol Chem (2004) 279(9):7370-7. doi:10.1074/jbc.M306793200 

3. Midwood K, Sacre S, Piccinini AM, Inglis J, Trebaul A, Chan E, et al. Tenascin-C 
is an endogenous activator of Toll-like receptor 4 that is essential for main- 
taining inflammation in arthritic joint disease. Nat Med (2009) 15(7):774-80. 
doi:10.1038/nm.l987 

4. Piccinini AM, Midwood KS. DAMPening inflammation by modulating TLR 
signalling. Mediators Inflamm (2010) 2010:672395. doirlO.l 155/2010/672395 

5. Barbalat R, Ewald SE, Mouchess ML, Barton GM. Nucleic acid recogni- 
tion by the innate immune system. Annu Rev Immunol (2011) 29:185-214. 
doi:10.1146/annurev-immunol-031210- 101340 

6. Li Y, Berke IC, Modis Y. DNA binding to proteolytically activated TLR9 is 
sequence -independent and enhanced by DNA curvature. EMBO J (2012) 
31(4):919-31.doi:10.1038/emboj.201 1.441 

7. Kaisho T, Akira S. Toll-like receptor function and signaling. / Allergy Clin 
Immunol (2006) 117(5):979-87. doi:10.1016/j.jacL2006.02.023 

8. Feldmann M, Brennan FM, Maini RN. Rheumatoid arthritis. Cell (1996) 
85(3):307-10. doi:10.1016/S0092-8674(00)81 109-5 

9. Boissier MC, Semerano L, Challal S, Saidenberg-Kermanac'h N, Falgarone G. 
Rheumatoid arthritis: from autoimmunity to synovitis and joint destruction. 
JAutoimmun (2012) 39(3):222-8. doi:10.1016/j.jaut.2012.05.021 

10. Lee DG, Woo JW, Kwok SK, Cho ML, Park SH. MRP8 promotes Thl7 differ- 
entiation via upregulation of IL-6 production by fibroblast -like synoviocytes in 
rheumatoid arthritis. Exp Mol Med (2013) 45:e20. doi:10.1038/emm.2013.39 

11. Davignon JL, Hayder M, Baron M, Boyer JF, Constantin A, Apparailly F, et al. 
Targeting monocytes/macrophages in the treatment of rheumatoid arthritis. 
Rheumatology (Oxford) (2013) 52(4):590-8. doi:10.1093/rheumatology/kes304 

12. Moncur C, Williams HJ. Rheumatoid arthritis: status of drug therapies. Phys 
Ther (1995) 75(6):511-25. 

13. Feldmann M. Development of anti-TNF therapy for rheumatoid arthritis. Nat 
Rev Immunol (2002) 2(5):364-71. doi:10.1038/nri802 

14. Choy EH, Kavanaugh AF, Jones SA. The problem of choice: current biologic 
agents and future prospects in RA. Nat Rev Rheumatol (2013) 9(3):154-63. 
doi:10.1038/nrrheum.2013.8 

15. TakPP, Kalden JR. Advances in rheumatology: new targeted therapeutics. Arthri- 
tis Res Ther (2011) 13(Suppl 1):S5. doi:10.1186/1478-6354-13-Sl-S5 

16. Rubbert-Roth A, Finckh A. Treatment options in patients with rheumatoid 
arthritis failing initial TNF inhibitor therapy: a critical review. Arthritis Res Ther 
(2009) ll(Suppl 1):S1. doi:10.1186/ar2666 

17. Tak PP, Rigby W, Rubbert-Roth A, Peterfy C, van Vollenhoven RE, Stohl W, 
et al. Sustained inhibition of progressive joint damage with rituximab plus 
methotrexate in early active rheumatoid arthritis: 2-year results from the 
randomised controlled trial IMAGE. Ann Rheum Dis (2012) 71(3):351-7. 
doi: 10. 1 1 36/annrheumdis- 20 1 1 - 200 1 70 

18. Alessandri C, Scrivo R, Spinelli FR, CeccareUi F, Magrini L, Priori R, et al. Autoan- 
tibody production in anti-TNF- alpha -treated patients. Ann N YAcad Sci (2007) 
1 1 10:3 19-29. doi: 10. 1 196/annals.l423.034 

19. Emery P, Keystone E, Tony HP, Cantagrel A, van Vollenhoven R, Sanchez A, 
et al. IL-6 receptor inhibition with tocilizumab improves treatment outcomes 
in patients with rheumatoid arthritis refractory to anti-tumour necrosis factor 
biologicals: results from a 24-week multicentre randomised placebo-controlled 
trial Ann Rheum Dis (2008) 67(ll):1516-23. doi:10.1136/ard.2008.092932 

20. Smolen JS, Han C, Bala M, Maini RN, Kalden JR, van derHeijde D, et al. Evi- 
dence of radiographic benefit of treatment with infliximab plus methotrexate 
in rheumatoid arthritis patients who had no clinical improvement: a detailed 
subanalysis of data from the anti-tumor necrosis factor trial in rheumatoid 
arthritis with concomitant therapy study. Arthritis Rheum (2005) 52(4): 1020-30. 
doi:10.1002/art.20982 



Frontiers in Immunology | Molecular Innate Immunity 



January 2014 | Volume 5 | Article 1 | 6 



Thwaites et al. 



Endosomal toll-like receptors in rheumatoid arthritis 



21. Binder NB, Puchner A, Niederreiter B, Hayer S, Leiss H, Bliiml S, et al. Tumor 
necrosis factor-inhibiting therapy preferentially targets bone destruction but not 
synovial inflammation in a tumor necrosis factor-driven model of rheumatoid 
arthritis. Arthritis Rheum (2013) 65(3):608-17. doi:10.1002/art.37797 

22. Hochberg MC, Lebwohl MG, Plevy SE, Hobbs KF, Yocum DE. The benefit/risk 
profile of TNF-blocking agents: findings of a consensus panel. Semin Arthritis 
Rheum (2005) 34(6):819-36. doi:10.1016/j.semarthrit.2004.11.006 

23. Kontzias A, Laurence A, Gadina M, O'Shea 1). Kinase inhibitors in the treatment 
of immune-mediated disease. FWOOMedRep (2012) 4:5. doi:10.3410/M4-5 

24. Cutolo M. The kinase inhibitor tofacitinib in patients with rheumatoid arthri- 
tis: latest findings and clinical potential. Thcr Adv Musculoskekt Dis (2013) 
5{l):3-ll.doi:10.1177/1759720X12470753 

25. Schett G, Zwerina J, Firestein G. The p38 mitogen-activated protein kinase 
(MAPK) pathway in rheumatoid arthritis. Ann Rheum Dis (2008) 67(7):909-16. 
doi: 10. 1 136/ard.2007.074278 

26. Wooley PH, Luthra HS, Stuart JM, David CS. Type II collagen-induced arthritis 
in mice. I. Major histocompatibility complex (I region) linkage and antibody 
correlates. J Exp Med (1981) 154(3):688-700. doi:10.1084/iem.l54.3.688 

27. Abdollahi-Roodsaz S, Joosten LA, Roelofs MP, Radstake TR, Matera G, Popa 
C, et al. Inhibition of Toll-like receptor 4 breaks the inflammatory loop 
in autoimmune destructive arthritis. Arthritis Rheum (2007) 56(9):2957-67. 
doi:10.1002/art.22848 

28. Rosenzweig HL, Jann MJ, Vance EE, Planck SR, Rosenbaum JT, Davey MP. 
Nucleotide-binding oligomerization domain 2 and Toll-like receptor 2 func- 
tion independently in a murine model of arthritis triggered by intraarticular 
peptidoglycan. Arthritis Rheum (2010) 62(4):1051-9. doi:10.1002/art.27335 

29. Meng L, Zhu W, liang C, He X, Hou W, Zheng F, et al. Toll-like receptor 3 
upregulation in macrophages participates in the initiation and maintenance 
of pristane-induced arthritis in rats. Arthritis Res Ther (2010) 12(3):R103. 
doi:10.1186/ar3034 

30. Zhu W, Meng L, liang C, Xu J, Wang B, Han Y, et al. Overexpression of toll- 
like receptor 3 in spleen is associated with experimental arthritis in rats. Scand 
] Immunol (2012) 76(3):263-70. doi:10.1111/j.l365-3083.2012.02724.x 

31. Zhu W, Meng L, Jiang C, He X, Hou W, Xu P, et al. Arthritis is associated with T- 
cell-induced upregulation of Toll-like receptor 3 on synovial fibroblasts. Arthritis 
Res Ther (2011) 13(3):R103. doi:10.1186/ar3384 

32. Yarilina A, DiCarlo E, Ivashkiv LB. Suppression of the effector phase of inflam- 
matory arthritis by double-stranded RNA is mediated by type I IFNs. J Immunol 
(2007) 178(4):2204-11. 

33. Hayashi T, Gray CS, Chan M, Tavratao RI, Ronacher L, McGargill MA, et al. Pre- 
vention of autoimmune disease by induction of tolerance to Toll-like receptor 7. 
Proc Natl Acad Sci USA (2009) 106(8):2764-9. doi:10.1073/pnas.0813037106 

34. Alzabin S, Kong P, Medghalchi M, Palfreeman A, WilUams R, Sacre S. Investi- 
gation of the role of endosomal Toll-like receptors in murine collagen-induced 
arthritis reveals a potential role for TLR7 in disease maintenance. Arthritis Res 
Ther (2012) 14(3):R142. doi:10.1186/ar3875 

35. Chen SY, Shiau AL, Li YT, Lin YS, Lee CH, Wu CL, et al. Suppression of 
collagen-induced arthritis by intra-articular lentiviral vector-mediated delivery 
of Toll-like receptor 7 short hairpin RNA gene. Gene Ther (2012) 19(7):752-60. 
doi:10.1038/gt.2011.173 

36. Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, et al. 
Species-specific recognition of single-stranded RNA via toll-like receptor 7 and 
8. Science (2004) 303(5663):1526-9. doi:10.1126/science.l093620 

37. Demaria O, Pagni PP, Traub S, de Gassart A, Branzk N, Murphy AJ, et al. TLR8 
deficiency leads to autoimmunity in mice. / Clin Invest (20 10)120(10):365 1-62. 
doi:10.1172/JCI42081 

38. Radic M, Marion T, Monestier M. Nucleosomes are exposed at the cell surface 
in apoptosis. } Immunol (2004) 172(ll):6692-700. 

39. Miles K, Heaney J, Sibinska Z, Salter D, Savill J, Gray D, et al. A tolerogenic role 
for Toll-like receptor 9 is revealed by B-cell interaction with DNA complexes 
expressed on apoptotic cells. Proc Natl Acad Sci U S A (2012) 109(3):887-92. 
doi:10.1073/pnas.ll09173109 

40. Begovich AB, Carlton VE, Honigberg LA, Schrodi SJ, Chokkalingam AP, Alexan- 
der HC, et al. A missense single-nucleotide polymorphism in a gene encoding a 
protein tyrosine phosphatase (PTPN22) is associated with rheumatoid arthritis. 
Am J Hum Genet (2004) 75(2):330-7. doi:10.1086/422827 

41. Wang Y Stanford S, Zhou W, Auger Jennifer L, Cheng G, Camp- 
bell A, et al. Rheumatoid arthritis-associated PTPN22 modulates toU-like 



receptor-mediated, type 1 interferon-dependent imiate immunoregulation 
[abstract]. Arthritis Rhewm (2012) 64(Suppl 10):2452. doi:10.1002/art.40183 

42. Han SW, Lee WK, Kwon KT, Lee BK, Nam EJ, Kim GW. Association of 
polymorphisms in interferon regulatory factor 5 gene with rheumatoid 
arthritis: a metaanalysis. J Rheumatol (2009) 36(4):693-7. doi:10.3899/jrheum. 
081054 

43. van Holten J, Reedquist K, Sattonet-Roche P, Smeets TJ, Plater-Zyberk C, Ver- 
voordeldonk MJ, et al. Treatment with recombinant interferon-beta reduces 
inflammation and slows cartilage destruction in the collagen-induced arthri- 
tis model of rheumatoid arthritis. Arthritis Res Ther (2004) 6(3):R239^9. 
doi:10.1186/arll65 

44. Vervoordeldonk MJ, Aalbers CJ, Tak PP. Interferon beta for rheumatoid arthritis: 
new clothes for an old kid on the block. Ann Rheum Dis (2009) 68(2):157-8. 
doi:10.I136/ard.2008.097899 

45. Herman S, Fischer A, Pfatschbacher J, Hoffmann M, Steiner G. A TLR 9 antag- 
onist diminishes arthritis severity in a rat model of rheumatoid arthritis. Ann 
RheumDis (2011) 70(Suppl 2):A39. doi:10.1136/ard.2010.148973.8 

46. Kawane K, Tanaka H, Kitahara Y, Shimaoka S, Nagata S. Cytokine-dependent but 
acquired immunity-independent arthritis caused by DNA escaped from degra- 
dation. Proc Natl Acad Sci USA (2010) 107(45):19432-7. doi:10.1073/pnas. 
1010603107 

47. Paulsen F, Pufe T, Conradi L, Varoga D, Tsokos M, Papendieck J, et al. Antimi- 
crobial peptides are expressed and produced in healthy and inflamed human 
synovial membranes. /P«t/io; (2002) 198(3):369-77. doi:10.1002/path.l224 

48. Christensen SR, Shupe J, Nickerson K, Kashgarian M, Flavell RA, Shlomchik ML 
Toll-like receptor 7 and TLR9 dictate autoantibody specificity and have oppos- 
ing inflammatory and regulatory roles in a murine model of lupus. Immunity 
(2006) 25(3):417-28. doi:10.1016/j.immuni.2006.07.013 

49. Barrat FJ, Meeker T, Gregorio J, Chan JH, Uematsu S, Akira S, et al. Nucleic acids 
of mammalian origin can act as endogenous ligands for Toll-like receptors and 
may promote systemic lupus erythematosus. / iixp Med (2005) 202(8):1131-9. 
doi:10.1084/jem.20050914 

50. Sacre S, Medghalchi M, Gregory B, Brennan F, Williams R. Fluoxetine and citalo- 
pram exhibit potent antiinflammatory activity in human and murine models 
of rheumatoid arthritis and inhibit toll-like receptors. Arthritis Rheum (2010) 
62(3) :683-93. doi: 10. 1 002/art.27304 

51. Hoffmann MH, Skriner K, Herman S, Baumann C, Steiner CW, Ospelt C, et al. 
Nucleic acid-stimiflated antigen-presenting cells trigger T cells to induce disease 
in a rat transfer model of inflammatory arthritis. ] Autoimmun (2011) 36(3- 
4):288-300. doi:10.1016/j.jaut.2011.02.007 

52. Stahl EA, Raychaudhuri S, Remmers EF, Xie G, Eyre S, Thomson BP, et al. 
Genome- wide association study meta-analysis identifies seven new rheumatoid 
arthritis risk loci. Nat Genet (2010) 42(6):508-14. doi:10.1038/ng.582 

53. Coenen MJ, Enevold C, Barrera P, Schijvenaars MM, Toonen EJ, Scheffer H, 
et al. Genetic variants in toll-like receptors are not associated with rheumatoid 
arthritis susceptibility or anti-tumour necrosis factor treatment outcome. PLoS 
One (2010) 5(12):el4326. doi:10.1371/journaLpone.0014326 

54. Jaen O, Petit-Teixeira E, Kirsten H, Ahnert P, Semerano L, Pierlot C, et al. No 
evidence of major effects in several Toll-like receptor gene polymorphisms in 
rheumatoid arthritis. Arthritis Res Ther (2009) 11(1):R5. doi:10.1 186/ar2589 

55. Etem EO, Elyas H, Ozgocmen S, Yildirim A, Godekmerdan A. The investigation 
of toll-like receptor 3, 9 and 10 gene polymorphisms in Turkish rheumatoid 
arthritis patients. Rheumatol Int (2011) 31{10):1369-74. doi:10.1007/s00296- 
010-1472-8 

56. Enevold C, Radstake TR, Coenen MJ, Fransen J, Toonen EJ, Bendtzen K, 
et al. Multiplex screening of 22 single-nucleotide polymorphisms in 7 Toll-like 
receptors: an association study in rheumatoid arthritis. / Rheumatol (2010) 
37(5):905-10.doi:10.3899/jrheum.090775 

57. Sacre SM, Andreakos E, Kiriakidis S, Amjadi P, Lundberg A, Giddins G, et al. 
The Toll-like receptor adaptor proteins MyD88 and Mal/TIRAP contribute to 
the inflammatory and destructive processes in a human model of rheumatoid 
arthritis. Am J Pathol (2007) 170(2):518-25. doi:10.2353/ajpath.2007.060657 

58. Sacre SM, Lo A, Gregory B, Simmonds RE, Williams L, Feldmann M, et al. 
Inhibitors of TLR8 reduce TNF production from human rheumatoid synovial 
membrane cultures. /7mmu«o/ (2008) 181(ll):8002-9. 

59. Brentano F, Schorr O, Gay RE, Gay S, Kyburz D. RNA released from necrotic syn- 
ovial fluid cells activates rheumatoid arthritis synovial fibroblasts via Toll-like 
receptor 3. Arthritis Rheum (2005) 52(9):2656-65. doi:10.1002/art.21273 



www.frontiersin.org 



January 2014 | Volume 5 | Article 1 | 7 



Thwaites et al. 



Endosomal toll-like receptors In rheumatoid arthritis 



60. Ospelt C, Brentano F, Rengel Y, Stancryk J, KoUing C, Tak PP, et al. Overexpres- 
sion of toll-like receptors 3 and 4 in synovial tissue from patients with early 
rheumatoid arthritis: toll-like receptor expression in early and longstanding 
arthritis. Arthritis Rheum (2008) 58(12):3684-92. doi:10.1002/art.24140 

6 1 . Tamaki Y, Takakubo Y, Hirayama T, Konttinen YT, Goodman SB, Yamakawa M, 
et al. Expression of Toll-like receptors and their signaling pathways in rheuma- 
toid synovitis. J Rheumatol (2011) 38(5):810-20. doi:10.3899/jrheum.l00732 

62. Roelofs MF, Joosten LA, AbdoUahi-Roodsaz S, van Lieshout AW, Sprong T, van 
den Hoogen FH, et al. The expression of toll-like receptors 3 and 7 in rheuma- 
toid arthritis synovium is increased and costimulation of toll-like receptors 3, 
4, and 7/8 results in synergistic cytokine production by dendritic cells. Arthritis 
Rheum (2005) 52(8):2313-22. doi:10.1002/art.21278 

63. Hu F,MuR,Zhu J, ShiL,LiY, LiuX, et al. Hypoxia and hypoxia-inducible factor- 
lalpha provoke toll-like receptor signalling-induced inflammation in rheuma- 
toid arthritis. Ann Rheum Dis (2013). doi:10.1 136/annrheumdis-2012-202444 

64. Moon SJ, Park MK, Oh HJ, Lee SY, Kwok SK, Cho ML, et al. Engagement of 
toll-like receptor 3 induces vascular endothelial growth factor and interleukin- 
8 in human rheumatoid synovial fibroblasts. Korean J Intern Med (2010) 
25(4):429-35.doi:10.3904/kjim.2010.25.4.429 

65. Rim KW, Cho ML, Oh HJ, Kim HR, Kang CM, Heo YM, et al. TLR-3 enhances 
osteodastogenesis through upregulation of RANKL expression from fibroblast- 
like synoviocytes in patients with rheumatoid arthritis. Immunol Lett (2009) 
124(l):9-17.doi:10.1016/j.imlet.2009.02.006 

66. Veiko NN, Shubaeva NO, Ivanova SM, Speranskii Al, Lyapunova NA, Spitkovskii 
DM. Blood serum DNA in patients with rheumatoid arthritis is considerably 
enriched with fragments of ribosomal repeats containing immunostimulatory 
CpG-motifs. Bull Exp Biol Med (2006) 142(3):313-6. doi:10.1007/sl0517-006- 
0354-2 

67. Lai Y, Adhikarakunnathu S, Bhardwaj K, Ranjith-Kumar CT, Wen Y, Jor- 
dan JL, et al. LL37 and cationic peptides enhance TLR3 signaling by viral 
double-stranded RNAs. PLoS One (2011) 6(10):e26632. doi:10.1371/journal. 

pone.0026632 

68. Ganguly D, Chamilos G, Lande R, Gregorio J, Meller S, Facchinetti V, et al. Self- 
RNA-antimicrobial peptide complexes activate human dendritic cells through 
TLR7 and TLR8. /Exp Med (2009) 206(9):1983-94. doi:10.1084/jem.20090480 

69. Lande R, Gregorio J, Facchinetti V, Chatterjee B, Wang YH, Homey B, et al. Plas- 
macytoid dendritic cells sense self-DNA coupled with antimicrobial peptide. 
Nature (2007) 449(7162):564-9. doi:10.1038/nature06116 

70. Maksymowych W, Russell AS. Antimalarials in rheumatology: efficacy and 
safety. Semin Arthritis Rheum (1987) 16(3):206-21. doi:10.1016/0049-0172(87) 
90023-0 

71. Khraishi MM, Singh G. The role of anti-malarials in rheumatoid arthri- 
tis - the American experience. Lupus (1996) 5(Suppl l):S41-4. doi:10.1177/ 
096120339600500110 

72. Sanjuan MA, Rao N, Lai KT, Gu Y, Sun S, Fuchs A, et al. CpG-induced tyrosine 
phosphorylation occurs via a TLR9-independent mechanism and is required 



for cytokine secretion. / Cell Biol (2006) 172(7):1057-68. doi:10.1083/jcb. 
200508058 

73. Kuznik A, Bencina M, Svajger U, Jeras M, Rozman B, Jerala R. Mechanism 
of endosomal TLR inhibition by antimalarial drugs and imidazoquinolines. 
} Immunol (2011) 186(8):4794-804. doi:10.4049/jimmunol.l000702 

74. VentiRx. TLR8 Antagonist. (2013) [cited 2013 Oct 18]. Available from: http: 
//www. ventirx.com/product/ tlr8-antagonist.htm 

75. Suarez-Almazor ME, Belseck E, Shea B, Homik J, Wells G, Tugwell P. Anti- 
malarials for treating rheumatoid arthritis. Cochrane Database Syst Rev (2000) 
4:CD000959. doi:10.1002/14651858.CD000959 

76. Park SJ, Lee AN, Youn HS. TBKl -targeted suppression of TRIF-dependent sig- 
naling pathway of toll-like receptor 3 by auranofin. Arch Pharm Res (2010) 
33(6):939-45. doi:10.1007/sl2272-010-0618-2 

77. Lipford G, Forsbach A, Zepp C, Nguyen T, Weeratna R, McCluskie M, et al. 
Selective toU-like receptor 7/8/9 antagonists for the oral treatment of autoim- 
mune diseases. American College of Rheumatology Annual Scientific Meeting 2007 
(2007). 

78. Guiducci C, Gong M, Xu Z, Gill M, Chaussabel D, Meeker T, et al. TLR recogni- 
tion of self nucleic acids hampers glucocorticoid activity in lupus. Nature (20 1 0) 
465(7300):937-^l.doi:10.1038/nature09102 

79. Dynavax. Pipeline: Autoimmunity/Inflammation. (2013) [cited 2013 Oct 18]. 
Available from: http://www.dynavax.com/autoimmunity.html 

80. Idera. Clinical Programs: Overview. (2013) [cited 2013 Oct 18]. Available from: 
http://www.iderapharma.com/clinical-trials 

81. Kandimalla ER, Bhagat L, Wang D, Yu D, Sullivan T, La Monica N, et al. 
Design, synthesis and biological evaluation of novel antagonist compounds 
of Toll-like receptors 7, 8 and 9. Nucleic Acids Res (2013) 41(6):3947-61. 
doi:10.1093/nar/gkt078 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 07 November 2013; paper pending published: 29 November 2013; accepted: 
02 January 2014; published online: 16 January 2014. 

Citation: Thwaites R, Chamberlain G and Sacre S (2014) Emerging role of 
endosomal toll-like receptors in rheumatoid arthritis. Front. Immunol. 5:1. doi: 
10.3389/fimmu.2014.00001 

This article was submitted to Molecular Innate Immunity, a section of the journal 
Frontiers in Immunology. 

Copyright © 2014 Thwaites, Chamberlain and Sacre. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in immunology | Molecular Innate Immunity 



January 2014 [Volume 5 | Article 1 | 8 



